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Summary: DNA damaging agents constitute a large fraction of the anticancer
armamentarium (including radiation and small molecules). It is also becoming increasingly
clear that DNA repair defects and defects in DNA damage response (DDR) cause cancer
and are common in cancer cells. Those defects probably account for the selectivity of
systemically administered anticancer agents toward cancer cells. Here, we summarize the
DNA repair and DDR defects most commonly associated with human cancer. We also
summarize the various DNA repair pathways elicited by the anticancer agents, and the
inhibitors currently available to interfere with those pathways. Finally, we discuss the
rationale approaches for using DNA repair and DDR inhibitors based on the specific tumor
defects (conditional/synthetic lethality), and examples for rational development of

combination therapies.

Abbreviations and glossary (in alphabetic order): AGT: O6-alkylguanine transferase
(polypeptide which trarsfers O6 alkyl guanine adducts to itself); AT: ataxia telangiectaga (arare
geretic disesa® with carcer predsposition); ATM: ataxia telangiecasa mutated (the gere
mutated in AT; it encodes a PIKK); AP site: apyrimidinic/apurinic site; BER: base excision
repair; Aptx: Aprataxin (a repair protein that act as cofactor for ligases during BER, SB ard
DSB repair): BLM: Bloom syndrome helicages (a RedQ helicae cofactor for Top3! ); DDR:
DNA damage regponse; DNA-PK: DNA-deperdent protein kinase (a PIKK); PIKK: phosphatidyl
inositol kinase-like kinase; DSB. DNA double-strand break Et743: Ecteinasidin 743 (an
articarcer agent which targets NER); FA: Fanconi anemia (a rare geretic disea® with carcer
predsposition); FANC: Farconi aremia factor; GG-NER: Global gerome NER; HNPCC:
Heredtary nonpolyposis colorectal carcer; HR: homologous recambination; I1SC. Interstrard
crosslinks (produced by alkylating agents ard platinum derivativeg; MMR: mismatch repair;
Nbsl: Nijmegen Breakage syndrome (a rare genetic disea® with carcer predsposition); NER:
nucleaide excision repair; NHEJ: Non-homologous erd joining; PARP: poly(ADPribose)
polymerag; SB: DNA single-strard break PNKP: polynucleatide kinase phosphatase (involved
in BER); RPA: Regicaion protein A (an heterarimeric complex that binds single-stranrded
DNA; involved in NER and HR); TC-NER: Transcription-coupled NER; Tdpl: tyrosyl DNA
phosphodiegera® (involved in BER and repair of Toplcc); Topl: DNA topoisomera® I;
Toplcc. Topoisomeras | cleawage complex; Top2: DNA topoisomeras |l; Top2cc:
Topoisomeas Il cleavage complex, WRN: Werner syndrome helicages (a RedQ helicag with
nuclea activity).
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Importanceof DNA repair in oncology

DNA REPAIR DEFECTS PREDISPOSE TO AND
ARE ASSOCIATED WITH CANCERS:

DNA repair is esertial as DNA is highly
suscegible to spontareaus damag (thousands
of ledons occur in a normal cell per day as a
reult of oxidative radcal gereraion,
spontanecus chemical modificaions and
redication errars). Cellular DNA is also highly
suscegible to carchogens, and the target of a
broad range of articarcer agens. It is therefae
not surprising that a number of carcer
suscegibility genes encode for DNA repair and
DNA damage regonse (DDR) factors.
Oncogenic defecs in such geres erade the
gereraion of cells with a mutator phenotype,
which givesrise to transformed cells that escape
the normal homecstatic proceses A large
number of heredtary cancers are rooted in
geretic defecs of DNA repair facbrs (see
below). Gem line mutations in the XP
nucleaide excision repair factors lead to
Xerodema Pigmertosum with high incidernce of
skin carcer and visceral tumors; defecs in
mismatch repar to HNPCC (human
nonpolyposis colorecal carcer); defects in
crosslink repair to Farconi aremia with
increagd risk of acue lelkemia and sqguamaus
cell carchoma; arnd defecs in DSB repair
(BRCA2, BRCAl) to breas and ovarian
carcers. Defect in refication and repair RecQ
helicaes (BLM and WRN) leadto Bloom and
Werrer syndrome with an early incidence of
broadrange of carcers

DNA repair is coupled with DNA
damage regponsesthat are commonly referredto
as checkpoint regponse. Those checkpoints
erabe cell cycle arres, which providestime for
repair and avoids further damage until the DNA
damagng agert is cleaed from the cell.
Heredtary defects in DDR are exemdified by
ataxia telangiectada. Inactivation of the ATM
gere confers high risk of tumors, in particular
lymphomas Geretic inactvation of p53 is the
cawse of Li-Fraumen syndrome. Defects in
Chk2, the downstream effector kinas from
ATM leads to Li-Fraumen syndrome with
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normal p53, and defects in Mrell and Nbsl (both
ATM cofactors) in ATLD (Ataxia-like-disorder) ard
Nijmegen breakage syndrome, which both
predspose to carcers

Somafc mutations of the cancer predsposing
gereslistedabove, egecially in patient heterazygote
for those geres is likely to contribute to
oncogeress. For instarce, defects in NER gereshas
a high incidence in ovarian and colorectal carcers
(1), and defects Mrell and mismatch repair has a
high incidence in colorectal carcers (2). p53 is
mutatedinacivated in approximaely 50% of
sporadc tumors. Thus, it seemsthat characterization
of tumors should include geretic status of the DNA
repair and DDR genesin order to stratify tumors and
rationalizetherapy (seebelow).

CHECKPOINT DEFECTS AND GENOMIC
INSTABILITY IN CANCER CELLS MAKES THEM
DEPENDENT UPON DNA REPAIR:

DNA repair and DDR are tightly coupled Indeed
DNA repair requirescel cycle checkpoints to arres
cell cycle progression and enable DNA repair to take
place without interference from repicaton of the
damaged DNA temgate. For instarce, p53 (and its
downstream target p21°™"A™ is a key factor for
cell cycle arreg in G1, while ATM, BRCA1, Mrell
and Nbsl arreg S-phase progression. Inactivation of
ATM, BRCA1l, Mrell and Nbsl realt in
radoredstant DNA syntheds (RDS) (3), and leads
to oncogenic and mutagenic DNA ledons. In
addition, DDR can act as deah effector and induce
apoptosis in cae of failure to repair DNA
accuately. This is a well-known function of p53 in
addition to its cell cycle arred function. Thus, DNA
repair and DDR are functionally linked and
combination of agerts that modulate DNA repair
and DDR is likely to yield potert artiproliferaive
regmers (seelad secion).

DNA REPAIR AND DDR STATUS DETERMINE
RESPONSE TO ANTICANCER AGENTS:

At the same time that DNA repair and DDR defects
contribute to the malignant pherotype, they also are
the tumorOs Achille® heel for DNA damagng
acents. For instarnce, cells with defective NER are
hypersrsitive to platinum derivatives (4) and
erhanced NER is one of the mechansms of
resstance to platinum derivatives (5). Conversely,
defecive NER tends to confer redstarce to
eckeinaxidin 743 (Yondelis, Trabectedn) (6, 7).
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One of the lanrdmark charactristics of Farconi
aremia cels is their exquisite sersitivity to
mitomycin C (8) and platinum derivatives
BRCA2-deficient and ATM-deficiert cells terd
to be hypersemsitive to agents that produce DSB
and topoisomera® inhibitors (9). Thus, defects

in DNA repair and DDR increae the
suscegibility of carcer cells to DNA damagng
agens.

Because of the importance of knowing the
DNA ard DDR status of tumors to guide
therapeuic choice (see below), it might be
importart to systematcaly evaluate the
functional status of DNA repair and DDR geres
in sporadc tumors. However, some of those
geres are large (such as ATM, BRCA2 ard
BRCA1), which poses a tecmical ard finarcial
challenge to those detemminations.

Main DNA repair pathways elicited by
anti cancer agents and inhibitors

Because DNA damagng agerts target DNA
similarly in normal and carcer tissues the
effects of those clinicaly approved
chemaherapeutic agerts is likely to reault from
tumor-specffic defects in DNA repair and DDR
pathways. Here we will briefly summarize the
different repair pathways elicited by the main
clasesof DNA damagng agens usedin carcer
treamen, and for each of those pathways, we
will discuss the available repair inhibitors. We
will not address DNA regicaton inhibitors,
which have been reviewed elsewhere (10)
although it is obvious they have a major impact
on DNA repair. The main repair pathways can
be grouped as base repair, which includes
guanine alkylation reversal by AGT, BER, NER
and MM R; SB repair, which includesBER and
DNA-PK-medated ligation; DSB repair, which
includes NHEJ and HR; Interdrand crosslink
repair, which involvesthe FA factors;, and DPC
repair, which is a less well charactrized repair
pathway, and which we will detail for
topoisomerag inhibitors.

1

http://discover.nci.nih.gov/pommier/Replication.inhibitors.
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GUANINE O6 ALKYLATION, AGT AND INHIBITION
BY O6-BG:

DNA alkylating agernts including chloroethylating
nitrosoureas [carmustine (BCNU) and lomustine
(CCNU)] and metylating agerts [dacarbazine
(DTIC) ard temazolomide (TMZ), procarbazine ard
strepozotocin] alkylate DNA preferertially at
guanine N2 amd O6 amd adenine N3. The
cytotoxicity of O6-methyl guanine is medated by
the mismath repair (MMR) pathway. During
redicaton, DNA polymerag stalls at the O6-
metylguanine sites and incorporates thymine
opposite to O6-methylguanine. That mismath is
recaggnized by the MM R, which removesthe normal
thymine instead of the 06-metylguanine.
Reincorporation of thymine gererates futile circles
of MMR, leadng to the formaion of SSB,
recanbinations, chromosomal aberration and cell
deah.

AGT (O6-alkylguanine transferase; also referred
to as methylguanne metyl transferae [MGMT])
efficiertly removes alkyl substitutions (metyl-,
ethyl-, bereyl-, 2-chloroethyl, and pyridyloxobutyl-)
on guanine O6 by transferring it to anactve cysteine
(Cysl45) acaepor site within the AGT. Thus, this
proces has beenrefered to as a suicide reacton
since acceping the alkylating group from the DNA
irreversbly inacivates AGT. AGT is an importart
determinart of regonse to theragpy asMer- (Methyl-
guanine repair deficiert) human cells, which lack
AGT are extremely sersitive to alkylating agerts.
The regponse of brain tumors has beenattributed to
their Mer- (AGT-deficient) phenotype (11).

Inhibitors of AGT have been deweloped ard
evaluated clinically. O6-berzylguarine (O°-BG) is
the paradgm for such inhibitors. The main critical
guegion regardng the use of AGT inhibitors is
whether they increase the therapeuic index of
alkylating agents. Combinations of alkylating agernts
with O°-BG lower the bone marrow tolerance to the
alkylaiing agerts, indicaing O°-BG acs both on
normal and tumor tissues and therefae may not
provide a significart increag in selectvity toward
tumor tissues (therapeutic index). Recertly, O°-BG
has beenshown to erharnce the acivity of platnum
derivatives independerntly of AGT degetion (12).
Analogs of O0°%BG such as 06-berzyl-2-
deaxyguanine (B2dG) are being evaluated.
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BER, METHOXAMINE AND PARP

INHIBITORS:

Bas excision repair corrects a variety of base
damagps reallting for oxidation, methylation,
deamhation or spontanecus base loss. DNA
alkylating agents produce such ledons. Thes
alteraions are highly mutageric following
redicaton and misincorporaton. BER is
subdivided in short and long patth BER
deperding as to whether a single or several
nucleatides are incorporated to repace the
damaged DNA strand. In both ca®s the reection
starts by converson of the damaged base into an
AP site. DNA glycosylasesremove the damaged
bases by hydrolyzing the bas N-glycosidic
bond with the deaxyribose sugar. The base can
also be eliminated by spontaneaus hydrolysis the
N-glycosidic bond. In either cas, the AP site is
converted into a SSB by APEL (the main AP
ermdonuclea®), which cleawes the DNA
backbone immedately 50 to the AP site,
reaulting in a 3Ghydroxyl group and a transiert
5@Gabasc deaxyribose phosphate (dRP). For
short patch BER, beta polymerase (pol-")
removesthe 5GdRP by its AP lyase acivity ard
adds back a base at the 3Ghydroxyl end of the
SB. Finally, ligas Ill joins the new bas with
the 5Ghydroxy of the SSB. Short patch BER
represensthe most prevalent BER reacion.

In long patch BER, the AP lyase activity of
pol-" is unade to remove atnormal 5Gtemini,
and pol-" is redaced by the reficaive
polymerag (pol-#$) in associaton with its
procesivity factor PCNA. Consequertly,
several bases (up to 10) areincorporated, which
displacesthe 5@end of the broken DNA. The
reaulting 5Gflap (with its blocking 50teminus)
can then be excised by FEN-1 (the flap
endonuclea®), and ligase | seak the break.

In addition to the factors mertioned ahove,
BER complexescaninvolve additional cofactors
such as XRCC1 (a scaffolding protein), Tdpl
(which can process blocking 3Gerd lesons),
PNKP (a dual DNA phosphatase and kinas,
which can further proces the erds of the SSB),
Aptx (a DNA-binding protein that reslves
ahortive ligation intermedates (13) and PARP.
Thus, the PARP inhibitors, which are currertly
under interse development, are potert inhibitors
of BER. Beddes PARP inhibitors, the BER
inhibitor in clinical trials is methoxamine (MX).

(MX)
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MX potertiates the acivity of alkylating agens
including temaolomide in human tumor xenograft
models (14). MX reacts with the C1Qatom of the
abadc site rendering it refracory to APEL, so that
BER is interrypted Recertly, a natural peptide,
indolicidin has beenshown to act similarly as MX
(15).

NER AND ITSINHIBITION BY ET743:

Nucleatide excision repair acts on a wide range of
DNA ledons including UV-induced cyclobutane
pyrimidine dimers amd  6,4-photoproducts,
carchogenic adducts, plainum adducts amnd
intragrand crosslinks, and some forms of oxidative
damage. The common feaure of these ledons is the
presrce of distorting ledons originating from the
covalent modificaion of one strand of the DNA
duplex NER is relatively well underdood and
proceed in highly conserved sequertial steps. It
consist in two main pathways (TC-NER and GG-
NER) depending asto whether the damaged strand is
being trarscribed Those two pathways only differ
by their initial DNA damage recognition step.

In transcription-coupled NER (TC-NER), the
RNA polymeras Il complex encounters the DNA
leson and is remodeled (displaced®) by CSA ard
CSB, which then recuit the downstrean NER
factors. In GG-NER, the XPCHHR23B protein
complexis regonsible for the initial detecion of the
DNA ledon ard recrits the common downstream
NER factors. The following steps are common to
TC-NER and GG-NER. XPA hinds to the damagd
sites ard recruts the DNA single-strand binding
protein complex RPA, which keeys the two strands
of the DNA duplex separaed Then the helicags of
the TFIIH complex, XPB and XPD open the DNA
duplex over aregon of approximatly 30 base pairs.
The endonucleags XPF/ERCC1 ard XPG cleave
the damaged strand at the junction of the single- ard
double-strarded DNA (at the 50and 30junctions,
regectvely). The oligonucleaide containing the
leson can then be removed making way for gap
repair syntheds (performed by the reficaive
polymerag, pol-#$). Finally, the newly syntheszed
strand isligated back

The marine alkaloid, eceinasidin 743 (Et743;
Yondelis;, Trabectedn) is an extremely potert NER
inhibitor. Et743 hasrecertly beenapproved for the
treatmert of soft tissue sarcomasand is in clinical
trials for ovarian carcers Et743 exhibits a unique
mechansm of acton, which was discovered after
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Et743 had beenidertified asa potert articarcer
acent. Following its sequence-specific binding
to DNA in the minor groove, Et743 forms a
covalernt bond with the exocyclic reddue N-2 of
a guanine (16). Such bonding distorts the DNA
by inducing a bend toward the major groove,
opposite from the Et743 adduct, which probaly
recruts NER. Attemps by the TC-NER to repair
the Et743-DNA adduct leads to the trapping of
the NER complex following incision of the
damaged strard (6). Recert evidence suggeds
that Et743 binds at the interface of the XPG-
DNA complex (17), ard that the molecular
interacton takes place between XPG ard the C-
ring of Et743 that protrudes from the DNA
minor groove (18). Accordingly, Et743-redstant
cels have XPG mutaton (6) and NER
deficienciesconfer resstanceto Et743 (6, 7). As
expeced from the mechanisms of acfon of
Et743 and platinum derivatives combinations
between Et743 and platinum derivativesproduce
synergstic effecs (our unpublished data).
Reasilts of clinical trials combining those agerts
in ovariancarncers are awaited

DSB REPAIR, DNA-PK, ATM INHIBITORS AND
PARP INHIBITORS:

Double-strand breaks are perhaps the most
serious form of DNA damage. A single DSB is
probally sufficiert to kill a cel aschromosome
breakage can reallt in imbalanced trarsmission
of the geretic material during mitosis. DSB can
be gereraktdby ionizing radation (1 DSB for 20
SRB), radomimeic agents such as bleamycin,
and Top2 inhibitors. DSB canalso be gererated
by the refdication of DNA templates containing
preexsting SB or Toplcc. Those DSB are
refered to as RepDSB (for repication-
medated DSB) (19).

The two main pathways for DSB repair are
homologous recambination (HR) and non-
homologous end joining (NHEJ). In normal
cells, the choice of which pathway to use
appearsto be largely influenced by the stage of
cell cycle at the time of the DNA damace.
Becauise HR utilizes undamagd sister
chromatids, it requirescellsto be in S- and G2-
phas of the cel cycle. In contrag, NHEJ does
not utilize a homologous temgdate for DNA
repair ard thus, cantake placein G1. However,
it is likely that NHEJ can also operate in S- and
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G2-phase and complemert for defects in HR, which
arethe hallmark of BRCA2-deficiert cells.

HR corrects DSB in an errar-free mamer using
mechanisms that retrieve geretic information from a
homologous, undamaged DNA segmert. To that
effect, the first step of HR requiresthe formation of
protruding 3Gends following resection of the 5Gend
of the DSB and coating of the protruding 3Gends
with RPA. BRCA2 then promate the loadng of
Radcbl (ewkaryotic orthologs of RecA) amd the
formation of Radbl coated DNA filamerts that can
invade the homologous, undamaged DNA segmert.
This proces is referred as DNA strand exchange.
Radb2 is esertial for completion of HR and proper
synapsis betweenthe various DNA strands.

NHEJ is errar-prone and dependert upon DNA-
PK and its cofactors, the Ku heterodimer
(Ku70/Ku80). Ku heteradimers initiate NHEJ by
binding the free DNA ends as a hollow ring, and
recruting DNA-PK, XRCC4 ard ligas IV. DNA-
PK then becames acivated and phosphorylates a
number of substratesincluding p53, Ku, XRCC4and
the endonuclea® Artemis, which processesthe ends
prior to joining. XRCC4 promates ligation of the
ends by ligase IV, and Aptx, which binds XRCCA4,
can reactvate ligas IV in cas ligae IV fails to
complete DNA rejoining (13, 20). Recertly, an
additional NHEJ has been identified, Cerrunnos-
XLF, which promatesNHEJ in unknown ways.

In paralel to their repair by HR and NHEJ, DSB
actvate the DSB regonse pathway consisting
primariy of ATM ard Chk2 (21). Although DNA-
PK is also activated by DSB, the cross talks between
ATM armd DNA-PK remain to be clarified A
number of ATM, Chk2, and DNA-PK inhibitors
have been identified and are in preclinical
developmert. Finally, PARP is also an important
requlatory  factor  of DSB repair as
poly(ADPribosyl)ation of Ku suppress the NHEJ
pathways.

SSB REPAIR:

DNA single-strand breaks are among the most
promiscuous DNA ledons. lonizing radations
produce aporoximately 5000-1000 SSB per Gray per
cel, and ! 20 SSB for each DSB. Abadc sites
which canform by spontanecus depurination and as
BER intermedates are readly convertedto S=B by
"-elimination. Alkylating agernts also promate the
formaion of abadc sites and SSB, and Topl
inhibitors (topotecanand irinotecar) gererae high



Modulators of DNA repair and damage responses

number of SSB as the drugs trap Toplcc (22)
(The repair of Toplcc will be discussed below).

SB repair can utilize the BER pathways
de<ribed above. Additional enzymes are also
importart for SSB procesing. They include
Tdpl, PNKP and Aptx. Tdpl and PNKP proces
3Gerds by removing remaining atoms from the
procesed deaxyribose that was associated with
the abadc site to convert them to 3Ghydroxyl
ends, which are proper substrates for DNA
polymeragsand ligase. PNKP and Aptx proces
the 5Gerds of SSB into 5@phosphate ends,
which are proper substratesfor ligases PNKP is
anefficient DNA kinase and adds a phosphate to
5Ghydroxyl ends. Aptx binds the BER
scaffolding factor XRCC1 and specificaly
removes 5Gaderylates that arise from abortive
ligation reactons, reaulting in the production of
5@phosphate termini that can be efficiertly
rejoined (13, 20).

INTERSTRAND CROSSLINK REPAIR:

Interdrand crosslinks are produced by DNA
alkylating articarcer agerts. Platinum
derivaives can produce guanne-guanne
interdrand crosslinks in addition to the more
toxic intragrand crosslinks described above in
the NER section. Nitrogen mustards (melphalan,
chloramhucil, cyclophosphamide and
carloxyphosphamide) and mitomycin C also
produce such G-G intergrand crosslinks whereas
nitrosoureas (BCNU and CCNU) produce G-C
intersrand crosslinks (10) 2. To our knowledge,
the repair mechanisms for intergrand crosslinks
remain poorly undergood, in spite of the recent
progress in underganding the molecuar everts
associated with FA-associated repair complexes
(23). In addition, the FA factors are at the
interface of several pathways as FANCD1
correponds to BRCA2 and several FANC
elemens interact with well-known DDR
proteins, including BRCA1, ATM and Nbsl (8).
Nevertheless, inactivation of FA genes may be
asociated with a broad range of sporadc
tumors, which may have implicaions for the
predcting the sersitivity of tumors to widely

2 . .

seeFigure5in
http://discover.nci.nih.gov/pommier/Replication.inhibitors.
htm
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used articarcer DNA crosslinking agerts (cisplatin,
mitomycin C and melphalan) (23).

REPAIR OF DNA-PROTEIN CROSSLINKS AND
TOPOISOMERASE CLEAVAGE COMPLEXES:

Human cells contain several topoisomerags which
areessertial for cell survival. Topl and Top2 are the
targets of some of the most commonly used
articarcer agents.  Camptothecin  derivatives
(topotecan ard irinotecar) selectively target Topl
(22), whereas etoposide (VP-16), etoposide (VM-
26), arthracyclines (doxorubin, daunorubicin,
eprubicin, idarwbicin), and mitoxartrone target
Top2 (24). Both Topl and Top2 inhibitors act as
topoisomerag® OmisonsO rather than calytic
inhibitors. Indeed they act by trapping the key
catlytic intermedates by which the topoisomerag
requlatesDNA supercdling. Those intermedatesare
referedto as cleavage complexesbecatse the DNA
brealage requires the topoisomerag to form a
covalent linkage with its catlytic tyrosine. Thus,
each break is associated with the formation of a
topoisomerag covalent complex. In the case of
Topl the covalert linkage is with the 3Gend of the
break whereas it is with the 5Gend for Top2.
Normally, those cleavage complexes are trarsiert
and topoisomerag-medated religation of the DNA
releaes the topoisomerag. All the topoisomeras
inhibitors used clinically act similarly by trapping
cleavage complexes (22, 24). The differences
between Top2 inhibitors are mostly related to the
sequences where the drugs trap the Top2cc, ard to
the stahility of such drug-trapped Top2cc (24).

The repair of Toplcc hasrecertly beenreviewed
(9)°. It involvesredundart pathways, which might be
explained by the fact that Toplcc forms under
physiological conditions and needto be efficiertly
removed (25). Our currert view is that two main
pathways can remove the Topl-DNA adduct. The
first is by way of Tdpl, which hydrolyzes the
tyrosyl-phosphodieder bond (26). However, Tdpl
canonly hydrolyzethat bond if Topl isreducedto a
smal deratured polypeptide. Thus, this first
pathway implies a protedytic degadation of Topl
prior to Tdpl action (27). The secand pathway to
remove Topl-DNA complexes is by way of
erdonucleag that can excise the DNA strard
covalertly attached to Topl. Seweral erdonucleag

3 http://discover.nci.nih.gov/pommier/pommier.htm
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have been implicaed in this pathway:
Mus8l/Emel or XPFERCC1 (9)°. Most
remarkably the choice of which pathway is used
to excise the Toplcc appearsto be regulated by
the DDR regonse (Rad in yead, which might
be the ortholog of humanBRCA1) (seebelow).

A broad range of articarcer agents besdes
topoisomera® inhibitors can also form dNA-
protein crosslinks. In such cas, the proteins
involved in the crosslinks have not been fully
charecterized Those articarcer agents include
DNA crosslinking alkylating agerts (platinum
derivatives, aminoflavone (28), which has just
started clinical trials, and DNA demetylating
acgens (decttabine) (29).

Rationale for using DNA repair and DDR
modulators in cancer therapy

CONDITIONAL (SYNTHETIC) LETHALITY::

A powerfu  conceg  for therapeutic
combinations and rationale administration with
DNA repair and DDR inhibitor is basd on
conditional (synthetic) lethality. In yea$ genretic,
synthetic lethality is rooted in the fact that
knocking out one gere (for instance gere X in
Fig. 1B) in a normal strain has no biological
effects, whereas knocking out that samegene X
in another strain bearing an alteraion of another
gere (Y) (Fig. 1B) functioning in a redundart
pathway is lethal (Fig. 1C). Thissimple concept
has several importart implicaions. First, it
underlies the importance of dissecing out the
various redundant pathways involved in
repairing  specific  ledons. Secand, it
demmstrates the value of having a variety of
inhibitors whose use needs to be tailored to the
particuar tumor defecs. Applying the
conditional lethality principle should overcanea
main pitfall for DNA repair inhibitors, which is
the overal amgificaion of DNA damage both
in tumor and normal cells, therely providing no
or only limited increag of selectivity of the
DNA damagng agent for the tumor. Such pitfall
hasbeenobserved with O6-BG, which increags
bone marrow toxicity and forcesdose reduction
without obvious therapeutic berefit.
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The inhibitors of DNA repair and DDR provide
several examples of rationale use ard/or
combinations basd on the conditional |ethality
principle. One of the most striking examgdesiif for
the PARP inhibitors (30, 31), which are selectively
active in BRCA2-deficient tumors. Going back to
Figure 1, this would place HR in one of the two
pathways and PARP in the other. The exact
mechanism of the conditional actvity of PARP
inhibitors has been attributed to the fact that cells
deficient for HR rely on NHEJ ard that PARP
inhibition stimulates HR. Another example may
concern the use of DNA-PK inhibitors in ATM-
deficient tumors. Indeed, knocking out ATM or
DNA-PK is not lethal, whereas DNA-PK
inactivation kills cellswhen ATM is also inactvated
(32). Thus, ATM- deficiert tumors (for instance
lymphoma; see first section) might be the preferred
indicaion for the DNA-PK inhibitors in
developmert (33). They may also be preferertially
semsitive to PARP inhibitors (31). Another example
of rationale drug combination is for association of
checkpoint and Topl inhibitors. UCN-01 (7-
hydroxystawosporine), which acts as a Chkl (and
Chk2) inhibitor produces a remarkabe synergistic
activity in association with Topl inhibitors in p53-
deficiert cels. This synergsm might be due to the
fact that those cells are defective in checkpoint
pathways, and that targeting Chkl (and Chk2) in
those cells has a more profound effect than in
normal cells, which have intact redundart pathways
beddesChk1 and Chk2.

We are currertly using the conditional lethality
principle to rationalize the developmert of Tdpl
inhibitors in combination with Topl inhibitors.
Indeed as mertioned above, redundart pathways
repair Toplcc. Thus, knocking out Tdpl fails to
confer semsitizaion to camgothecin in yeas unles
the experimerts are performed in checkpoint-
deficient (Rad 9-defective) strains. This has been
interpret asthe fact that the checkpoints chamel the
repair away from the Tdpl pathway, and that Tdpl
becanes essertial in the abserce of checkpoints.
Since a large fraction of tumors are checkpoint-
deficiert, a working model is that Tdpl inhibitors
should synergze with camptothecins and non-
campothecin Topl inhibitors in checkpoint-
deficiert tumors (for instance,in BRCA1-, ATM- or
Mrell-deficiet tumors), while having minimal
impact on the toxicity of Topl inhibitors toward
normal tissues
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Perspective

DNA damagng agents were the first articarcer
drugs introduced approximately 60 years ag,
starting with the alkylating agerts. The number
of drugs and targeted pathways has increased
remarkably since. The DNA repair mechanisms
have also becane better underdood and it is
known that most tumor cells require DNA repair
ard DDR deficienciesfor survival.

Our challerges are to continue our detailed
invedigations of DNA repair and DDR
pathways ard to integrate this expanding wealth
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of knowledge (in DNA repair, phamacology, tumor
geretic, ard drug discovery) to acheve carcer cure.
It is plawsible that detailed charackrizaion of
individual tumors for DNA repair and DDR facbrs
will be required to achieve this goal. This will
require the developmert of molecdar diagnostic
tools. The availahility of a broad spectrum of drugs
with well-defined malecular targets will provide the
rationale to use those drugs in relation to the tumor
specfific defects, and to combine DNA damagng
acents with the appropriate DNA repair and DDR
modul ators.
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